Increasing chromosome number of Pachysolen tannophilus above the haploid level increased the yield of ethanol from D-XylOSe. There was a large increment on going from the haplophase to the diplophase, and the highest yields were obtained with either a triploid or a probable tetraploid, depending on the concentration of D-xylose. In addition, the rate of ethanol production from Dxylose and D-glucose increased, with the increment being larger on D-xylose. On D-galactose, the amount of ethanol produced within a given time also increased. The level of a by-product from D-XylOSe, xylitol, decreased on going from a haploid to higher ploidy, but there was no discernible trend for two other by-products, acetic acid and arabinitol. Increasing ploidy increased growth rate on D-galactose, but not appreciably on D-xylose. The altered properties on D-XylOSe of the strains tested were not due to increased levels of either D-xylOSe reductase or xylitol dehydrogenase, nor probably of alcohol dehydrogenase.
Ethanol yield. Ethanol production for yield measurements was followed during aerobic recycling in rotated tubes . The volume of medium in experiments with D-xylose was 10 ml. The recycling intervals were 24 and 48 h with 2 and 4% D-XylOSe respectively. As cell density increased with recycling, the ethanol concentration after each cycle increased to a limiting value after the fourth or fifth. Only the limiting value is reported. The initial cell density in the first cycle was 10-12 mg dry wt ml-l; the cell density was 20-24 mg dry wt ml-' at the end of the recycle series. The cells used were pregrown aerobically in D-XylOSe and concentrated by centrifugation.
Ethanol production from 2% D-galactose was also measured in rotated tubes, but with a medium volume of 6 ml. The cells were initially grown on D-galaCtOSe to an OD600 of 04-1.0 and then resuspended in the rotated tubes in fresh medium after fivefold concentration. Ethanol level increased with time, and only the value after 72 h is quoted.
Ethanol yield was computed assuming (i) that all of the sugar had been utilized and (ii) that the maximum theoretical productivity was 0.51 g ethanol per g sugar for D-xylose as well as for D-galactose. Use of this factor for D-XylOSe is based on the view (Wang et al., 1980 ) that the pentose is converted to D-xylulose 5-phosphate, which is then converted non-oxidatively by enzymes of the pentose phosphate pathway into intermediates of the EmbdenMeyerhof-Parnas pathway, after which this latter pathway is followed.
Rate of ethanol production. After seven cycles on D-xylose as described above, the cells were resuspended in media containing either 2% D-xylose or 2% D-glucose. The amount of ethanol produced in 4 h was then determined, and expressed as mg ethanol produced (mg dry wt cells)-' h-l.
By-product formation on D-XyfOSe. Cells were grown aerobically on 4% D-xylose (266.5 mM) in 0.67% YNB (complete) to an OD600 of 0.75. They were then concentrated in 4% D-xylose in 0.67% YNB to yield 45 mg dry wt ml-I. A 10 ml portion of suspension was cultured in a rotated tube for 34 h at 30 "C, after which the cells were removed by centrifugation, and the supernatant medium was analysed for xylitol, acetic acid and arabinitol. A culture period of 34 h was chosen, since this interval was required to ensure complete consumption of all the Dxylose, and it was of interest to determine the concentration of the by-products remaining after complete utilization of the original carbon source.
Analytical methods. Ethanol and acetic acid were determined using the column and conditions described previously . Xylitol and arabinitol were determined by HPLC using an Aminex HPX-87P column (Bio-Rad).
Enzyme actiuity. Cultures (200 ml) were grown for 16-1 8 h to an OD,,, of 0-650-0-700 in 4% D-xylose in 0.67% YNB without amino acids at 30 "C and the cells were harvested by centrifugation. The cells were washed with 0.2 M potassium phosphate, pH 7-5, and resuspended in the same buffer, usually 5 ml. The suspensions were then sonicated while immersed in an ice bath after adding 250 mg alumina (Type 305, Sigma) to improve breakage. Three 1 min bursts were employed, allowing time for cooling between each. The samples were clarified by centrifugation at loo00 g. Activity for Dxylose reductase (EC 1.1.1.21) (cofactor NADPH) and xylitol dehydrogenase (EC 1.1.1.9) (cofactor NAD) were measured as described previously . The activity of alcohol dehydrogenase (EC 1.1.1.1) was measured as described by Lutstorf & Megnet (1968) . Protein was determined by the Lowry method.
R E S U L T S Preliminary screening
A preliminary survey was carried out on 4% D-xylose in 0.67% YNB to determine if an increase in chromosome number caused an increase in growth rate and in ethanol yield. Sixtyone strains described previously by James & Zahab (1983) , were used, including 11 haploids, 4 diploids, 2 triploids, and a probable tetraploid. The remainder were aneuploids.
The generation time of the majority of the strains was within & 5 % of the mean of 3-0 h. The most rapid grower was the diploid NRRL Y2460-#2. Its generation time was about 10% greater than that of the haploid from which it was directly derived, NRRL Y2460, the generation time of which was 3.0 h.
Ethanol yield generally increased with chromosome number. For more detailed study on Dxylose, 18 strains were chosen which represented the trends observed.
Ethanol yield from D-xylose
Increasing chromosome number was associated with increased ethanol yield from 2 % and from 4% D-xylose (Table 1) under the standard set of conditions used to compare the various strains. The largest increment was between haploids and diploids, notably between the haploid NRRL Y2460 and its isogenic diploid NRRL Y2460-#2. There was considerable variability Ethanol production by P. tannophilus $ Expressed as mg ethanol (mg dry wt cells)-' h-'. The concentration of both xylose and glucose was 2%.
5 Auxotrophic segregants of the triploid P56-#3 (James & Zahab, 1983) I Diploid of NRRL Y2460.
among the aneuploids. The highest yield with 2% D-xylose (83.3% of theoretical) was with a probable tetraploid (P45-#14), and on 4% D-xylose (70% of theoretical), with a triploid (P56-#8).
These values exceed those for a wild-type (NRRL Y2460) by 14.2% on 2% D-xylose, and by 1 1 % on 4% D-xylose. The yield of ethanol was greater on 2% than on 4% D-xylose. The ratio of the yields from the two concentrations varied with the strain, but there was no systematic trend with chromosome number. Thus, yield on both 2% and 4% D-XylOSe increased proportionately, in general.
Stability of the strains was assessed by measuring ethanol production and yield in recycle experiments lasting 3 weeks. The values obtained were the same within f 2% of those after the fourth or fifth cycle, shown in Table 1 . An additional test for stability, and also for internal consistency and reproducibility, was provided by the triploids P56-#2, P56-#3 and P56-#8. They were independent isolates from the same cross and behaved essentially identically.
Rate of production of ethanol from D-xylose and D-glucose The increase in ethanol yield from D-xylose could be due partly to an increased rate of production. The rate of ethanol production increased generally with chromosome number, but aneuploids did not follow the trend. The greatest rate on D-XylOSe was with the aneuploid P45-#9, 86 mg ethanol (mg dry wt)-l h-l, and it was 1-87 times that of a wild-type haploid (NRRL Y2460). The next greatest was with the probable tetraploid P45-#14, at 1.83 times the haploid rate.
The rate of production of ethanol from D-glucose also increased with chromosome number. However, the increase in rate with D-xylose was larger than that with D-glucose. The glucose/xylose rate ratio was 2.73 with the strain giving the highest rate on D-xylOSe, P45-#9, and 4.35 for a wild-type haploid (NRRL Y2460). 
By-product formation
Three of the major by-products produced from D-xylose are xylitol, acetic acid and arabinitol. The amount of acetic acid increased as the amount of oxygen available to the culture decreased, as shown by varying medium volume under an otherwise standard set of culture conditions. Among a series of strains differing in chromosome number, which were picked without preselection (Table 2), the amount of xylitol formed by the haploids was larger than that of the strains bearing higher numbers of chromosomes. Notably, there was a large difference between the haploid NRRL Y2460 (final xylitol concentration 93.7 mM) and its isogenic diploid NRRLY2460-#2 (756mM). There was no consistent trend for acetic acid or arabinitol production. The experiments were carried out with a high cell density, 45 mg ml-l. Oxygen availability to the culture was very low under the conditions used, and effects of ploidy on acetic acid formation could, therefore, be monitored.
Ethanol production and growth on D-galactose
Pachysolen tannophilus grows slowly on D-galactose, the doubling time on 2% being 24 h versus -4 h on 2% D-xylose under identical conditions . Ethanol yields are also very low, < l o % of theoretical, although improvement is obtained by using cell recycling . Recently a mutant which grows faster on D-galactose, but not D-xylose, was isolated with improved ethanol production behaviour on the hexose (Neirinck et al., 1982) . The effect of chromosome number on ethanol production from D-galactose was investigated to determine if improved yields could also be obtained in this way.
Seven strains were tested which were picked without preselection ( Table 3) . As with D-xylose, the amount of ethanol produced within a given period of time tended to increase with chromosome number, but an aneuploid, P45-#16, produced as much as the probable tetraploid, P45-#14, and more than a triploid, P39-#2. However, in contrast to D-XylOSe, there was appreciable enhancement in growth rate with increased ploidy. In addition, the polyploids produced less acetic acid on D-galactose than the haploid.
Enzyme activity
To aid in evaluating the reasons for some of the improvements observed, the activity of two enzymes Of D-XylOSe catabolism and of alcohol dehydrogenase was investigated in cell extracts of strains differing in chromosome number. The strains used were N R R L Y2460 (In), NRRLY2460-#2 (2n) , P56-#1 (3n), P56-#2 (3n) and P45-#14 (4n?). There was no significant change with chromosome number in the activity of the first two enzymes thought to be responsible for the catabolism of D-xylose. The activities of D-xylose reductase (D-xylose + xylitol) were in the region of 0-65 pmol NADPH min-I (mg protein)-', and those of xylitol dehydrogenase (xylitol --t xylulose), 0.54 pmol N A D min-l (mg protein)-'. There was a significant difference in alcohol dehydrogenase activity between the tetraploid and the other strains: 1-018 & 0-064 (s.D.) pmol rnin-l (mg protein)-' for the tetraploid and 0.831 f 0.033 for the haploid. However, this difference is small, while the greatest increase in ethanol production characteristics were between haploids and diploids.
DISCUSSION
Increasing chromosome number improved aspects of ethanol production by P. tannophilus from several carbon sources, notably D-xylose. In addition the level of a by-product from Dxylose, xylitol, was reduced. Thus, the use of polyploids seems a useful approach to obtain strains which would perform more efficiently in producing ethanol.
Some of the effects observed with increasing chromosome number probably reflect complex physiological phenomena. An example is the increase in the rate of ethanol production from Dxylose in the absence of significantly changed activities of some enzymes involved in the catabolism of D-xylose or of alcohol formation. Another is the appreciable increase of growth rate on D-galactose, but not D-xylose. However, the improvements in the rate and yield of ethanol production on D-xylose may result from an increase in number of one or more particular chromosomes, rather than from multiplication of the entire genome. This view is supported by the lysine-requiring aneuploids P56-#3-3B and P56-#3-11 D, which are segregants of the triploid P56-#3. They bear the same marker, but exhibit significant differences in yield and rate. In addition, the aneuploids generally differ among themselves, but in one or another respect, some are as good as the triploids or the probable tetraploid. Thus, a suitable aneuploid might have the best combination of improvement in yield and rate.
Pachysolen tannophilus seems to bear a relatively small number of chromosomes, 5 to 7 (James & Zahab, 1983) . It might therefore be possible to study systematically, and hence improve, aspects of ethanol production as a function of the number of particular chromosomes. This paper is NRCC Publication no. 21314.
